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MbeyaThe Mbeya region of Tanzania has a genetically complex HIV epidemic with multiple subtypes and
recombinant forms circulating, together with a high frequency of dual infections with more than one subtype.
This study aimed to determine whether this impacted the HIV-1 transmission bottleneck. A total of 210 env
sequences from 22 participants were generated from recently infected women from Mbeya using the single
genome ampliﬁcation approach. Participants were infected with subtypes C (n=9), A (n=4), or D (n=1),
and recombinants AC (n=4), CD (n=2), AD (n=1), or ACD (n=1). Sixteen participants (73%) were infected
with a single variant; ﬁve (23%) with multiple variants; and one (4%) was dually infected. Thus the frequency
of single variant infections was similar to cohorts located in genetically restricted subtype B or C epidemics,
suggesting that multiple circulating subtypes and unique recombinant forms do not have a signiﬁcant impact
on the transmission bottleneck.lliamson).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Genetic and biological characterization of transmitted viruses is
essential for the design of an effective HIV vaccine. A number of
studies characterizing HIV diversity in early infection have found that,
despite high diversity in the donor, individuals in early infection are
typically infected with a highly homogeneous viral population
(Derdeyn et al., 2004; Wolfs et al., 1992; Wolinsky et al., 1992; Zhu
et al., 1993). Recent studies have found that in 76–78% of heterosexual
transmissions only one HIV variant in fact causes infection (Abrahams
et al., 2009; Keele et al., 2008). Subtype B and C infection were shown
to have a similar frequency of single variant transmission of 76% and
78%, respectively, suggesting that subtype does not affect the
transmission bottleneck (Abrahams et al., 2009; Keele et al., 2008).
A recent study by Haaland et al. (2009) found a transmission
bottleneck frequency of 90% in subtype A and C transmission pairs.
However, there is evidence that HIV-1 subtype is a determinant of
transmissibility and disease progression, and it is therefore possible
that different subtypes or recombinant forms have different trans-
mission characteristics (Baeten et al., 2007; Kaleebu et al., 2001;Kiwanuka et al., 2009; Kuritzkes, 2008). The presence of multiple
subtypes, unique recombinant viruses, as well as a high frequency of
dual infection within the Mbeya region of Tanzania, provides an
opportunity to investigate if a genetically diverse HIV-1 epidemic
impacts on the transmission bottleneck (Herbinger et al., 2006;
Hoelscher et al., 2001). This study aimed to characterize the genetic
bottleneck of transmitted variants infecting a Tanzanian cohort of
high-risk women. This study forms part of the Vaccine Immune
Monitoring Consortium, Collaboration for AIDS Vaccine Discovery
(http://www.cavd.org.za) which involves the generation of functional
clones from different subtypes and diverse geographical regions to
assess vaccine-elicited neutralizing antibodies and to study broadly
neutralizing antibodies.
Results
Cohort description
Twenty-two participants were recruited within 3 months of their
previous HIV negative sample (Herbinger et al., 2006; Riedner et al.,
2006 (Table 1). Laboratory staging based on evolving viral RNA and
antibody proﬁles was performed on 20 of the plasma samples (Fiebig
et al., 2003). Of these, 3 were in the acute/early stage of infection
(stage I–IV) and 17 individuals were in the later stage of primary
Table 1
Data summary of 22 participant samples from a high-risk population of female bar workers from Mbeya, Tanzania. The study participants are grouped based on whether they are
infected with either a single variant or multiple variants.
tMRCA (days)
PID Laboratory stage⁎⁎ Viral load (copies/ml) Subtype Sequence (n) Max DNA distance (%) Median GT (days) Lower 95% CI Upper 95% CI
Participants infected with a single variant
# 89-F1 I/II N750,001 CD 5 0 0 0 0
216-F1 VI N750,001 A 8 0 0 0 0
#49-F1 III N750,001 ACD 11 0.08 8 1 22
234-F1 V/VI 509,000 C 12 0.12 14 3 32
#390-F1 V N750,001 C 11 0.23 24 10 57
401-F1 ND 51,500 CD 6 0.24 25 9 73
#304-F2 V N750,001 C 11 0.23 32 17 58
54-F4 VI 28,200 D 9 0.27 45 28 80
605-F4 V/VI 434,000 AC 9 0.42 48 28 84
515-F4 VI 3,660 A 5 0.27 48 17 127
569-F1 V/VI 23,800 C 11 0.2 57 25 114
246-F3 VI 439,000 AC 18 0.27 62 36 91
⁎346-F4 VI 26,700 C 8 0.23 78 28 156
541-F1 VI 66,100 C 11 0.29 100 56 162
⁎398-F1 ND 2,370 A 7 0.39 185 88 354
⁎477-F3 VI 406,000 AC 11 0.68 324 188 523
Participants infected with multiple variants
556-F3 V 43,300 C 11 1.45 366 189 792
142-F3 VI 366,000 C 9 1.56 470 290 720
98-F4 V 5,330 C 6 2.37 743 885 1615
21-F1 V/VI 21,200 C 11 0.97 1505 716 2957
532-F0 I/II N750,001 AD 9 1.18 1953 762 4314
410-F2 VI 165,000 C/AC 11 4.61 2104 933 4768
MRCA, most recent common ancestor.
GT, generation time.
CI, conﬁdence intervals.
ND, not detected.
⁎ Denotes participants that have diversiﬁed from single lineage based on shared mutations that are attributed to CTL and/or antibody pressure.
⁎⁎ According to Fiebig et al., 2003.
# Participants whose viral loads were beyond the limit of detection.
108 A. Nofemela et al. / Virology 415 (2011) 107–113infection (stage V–VI). As expected the viral loads were higher for
individuals with acute/early infection (median N750,001 copies/ml),
compared to the 17 participants in later stages of primary infection
(Fiebig V–VI) (median=66,000 copies/ml) (Table 1).
Phylogenetic analysis
In order to characterize quasispecies diversity following infection a
total of 210 env SGA sequences were generated from the 22 study
participants (mean=10 sequences per participant). Env sequences
from 21 of the participants clustered into respective individual
monophyletic lineages suggestive of infection with a single subtype
or recombinant form (RF). Sequences from one participant 410-F2
separated into two distinct phylogenetic lineages indicative of dual
infection with two distinct subtypes or RFs (Fig. 1A).
Sequences were screened for recombination and the majority (14
out of 22 participants) of env sequences were identiﬁed as pure
subtype with nine participants infected with subtype C, four with
subtype A, and one with subtype D. Eight participants were infected
with intersubtype recombinant viruses including two with CD, four
with AC, one with AD, and one with ACD recombinant (Figs. 1 and 2).
One of the participants, 410-F2, had a region in gp41 that was
identiﬁed as subtype G by the REGA HIV Subtyping Tool; however,
further analysis using BLAST (http://www.ncbi.nlm.nih.gov/blast)
and RDP v3.34 (Martin et al., 2005) identiﬁed the region as being
subtype A. Therefore, we classiﬁed the virus as an AC recombinant
(Fig. 2). All RF sequences from each participant were unique and did
not share mosaic structures with viruses from other participants
(Fig. 2) or any other recombinant forms from the East African region
(data not shown). In addition, with the exception of participant 410-
F2, all the viruses obtained from a given participant shared the samerecombination mosaic structure, suggesting that these individuals
were infected with the recombinant and that the recombinant virus
was not a result of dual infection.
Single variant transmission
We deﬁned single variant infection as sequences with low
quasispecies diversity with a star-like phylogeny which would be
expected for sequences from individuals infected with a single variant
which undergoes neutral evolution prior to the onset of immune
pressure (Keele et al., 2008). In addition, for single variant infection
the time of divergence from the most recent common ancestor
(MRCA) should fall within 90 days since the last HIV negative blood
sample. An example of single variant transmission is shown in Fig. 1B.
The sharedmutations that are observed in the ﬁgure are probably due
to CTL pressure.
Thirteen participants' infections met all these criteria for single
variant transmission. The viral populations in these participants had
maximum pairwise DNA distances ranging from 0% to 0.42% with
concomitant lack of structure in the neighbor-joining phylogenetic
trees. A further two participants were regarded as being infected with
a single variant as even though they showed some structure in the
phylogenetic tree. These individuals were classiﬁed as infected with a
single variant as these sequence changes could be accounted for by
cytotoxic T-lymphocyte and/or antibody pressure. In these partici-
pants a minority of the sequences harbored shared mutations in
predicted CTL epitopes restricted by the participants HLA, or showed
shift in glycosylations sites indicative of antibody pressure (Supple-
mentary Fig. 1). This included participant 346-F4, Fiebig stage VI, who
had predicted escape mutations in one epitope restricted by the
participants HLA (A*0202), and participant 398-F1 who showed both
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(A*6802), as well as antibody selection. Sequences from participant
346-F4 had an estimated tMRCA of 78 days, while participant 398-F1
had an estimated tMRCA of 185 days. The high estimated tMRCA is
likely due to CTL escape driven diversiﬁcation.
For participant 477-F3, we were only able to amplify sequences
from the third follow-up visit, although there was evidence of low
positive viral loads in the two visits in the previous 6 months (7500
and 1150 copies/ml, respectively). Sequences from this participantFig. 1. (A) Neighbor-joining phylogenetic tree indicating the subtype distribution of 210 env
2007), and visualized using the Dendroscope program. The dual infected participant 410 wh
sequences from subtypes F, G, H, J, K as outgroups. The scale denotes 2% divergence. (B) Neig
example of a single variant transmission with nucleotide changes due to antibody pressure an
and also shows evidence of recombination between viral lineages. (D) Neighbor-joining and
subtypes. The SGA amplicons derived from 410-F2 form two separate phylogenetic clusters, w
AC recombinant virus. The ticks in the HIGHLIGHTER plot represent the following: A: greenhad a maximum DNA distance of 0.68% and in line with estimated
time of infection, the mean tMRCA of 324 days was estimated
(Table 1). While it was not possible to resolve the infecting virus
from this individual, she was classiﬁed as infected with a single
variant as many changes of the sequences shared the same mutations
which could be accounted for by both CTL and antibody selection
(Supplementary Fig. 1).
Therefore, 16 out of 22 participants (73%) were classiﬁed as
infected with viruses with a single variant (Table 1).sequences from 22 participants. The tree was constructed using MEGA4.1 (Tamura et al.,
o was infected with subtype C and recombinant AC is circled. The tree was rooted using
hbor- joining phylogenetic tree and Highlighter analysis of participant 304-F2 shows an
d, (C) Participant 556-F2 shows as an example of a multiple variant transmission event,
Highlighter analysis of participant 410-F2 at Fiebig stage VI dual infected with multiple
ith one cluster identiﬁed as being subtype C and the other cluster identiﬁed as being an
, T: red, G: yellow, C: light blue, Gaps: gray.
Fig. 1 (continued).
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Participants were identiﬁed to be infected with multiple variants if
there was high diversity together with monophyletic cluster with
distinct structure in neighbor joining trees (Fig. 1C), whereas par-
ticipants were classiﬁed as dual infected if infected with two distinct
virus strains which could be separated on phylogenetic trees with
epidemiologically unlinked viruses. Our expectation was that for
multiple variants or dual infection transmission, the sequences in the
recipient should coalesce at a time pre-dating the last sero-negative
visit (approximately 90 days prior to ﬁrst sero-positive visit) based on
the estimated tMRCA. Five participants (23%) were found to be
infected with multiple variants and one with dual infection (4%).
For the multi-variant infection, these viral populations were
characterized by heterogeneity with maximum pairwise DNA dis-
tances ranging from 0.97% to 2.37%. Neighbor-joining trees of these
populations have internal structure showing at least two separatelineages with clear evidence of intra-patient recombination in three
participants. In all ﬁve sequence sets, the estimated number of days
since the MRCA signiﬁcantly exceeded the period for which the
associated individual could realistically have been infected (MRCA
range 365–1952 days) (Table 1).
One of the participants 410-F2 was found to dually infected (4%)
(Fig. 1D). Subtyping analysis showed one subtype C population and
the other being an AC recombinant. The gp120 regions of the two viral
populations show a high level of similarity (maximum DNA distance
0.16%) with a single recombination breakpoint in gp41. Phylogenetic
analysis based on gp41 sequences showed two separate lineages
clustering with high bootstrap support (Fig. 1D), with sequences in
the gp41 region differing by as much as 4.6%. The subtype C virus was
one of the infecting parents; however, the second parental sequence
(subtype A) was not identiﬁed (Fig. 1D). In the absence of the other
parent, it remains unclear as to whether this individual was originally
infected with both subtype A and C viruses, with the generation of the
Fig. 2. Recombination analysis of env sequences from eight participants. Participant 49 was infected with an ACD recombinant, Participant 532-F0 was infected with an AD recombinant, Participants 89-F2 and 401-F1 were infected with CD
recombinant viruses, and Participants 605-F4, 477-F3, 246-F4, and 410-F2 were infected AC recombinant viruses. The recombination analysis was done using Bootscan within RDP 3.34. (Martin et al., 2005) (below) and REGA HIV-1 Subtyping
Tool (above). The recombinants are shown to be derived from subtypes A (blue), C (red), and D (green ).
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112 A. Nofemela et al. / Virology 415 (2011) 107–113AC recombinant occurring post-infection, or whether co-transmission
of the C and AC recombinant virus occurred from a dually infected
donor.
Discussion
This paper provides the ﬁrst assessment of the transmission
bottleneck in a cohort infected with multiple circulating subtypes and
recombinants enabling us to investigate the inﬂuence of high diversity
of circulating viruses on transmission dynamics. In this cohort we ﬁnd
that the number of infections resulting from single variant transmis-
sion (73%) does not differ signiﬁcantly to that seen in subtype B and C
cohorts reported by Keele et al. (2008) (76%) and Abrahams et al.
(2009) (78%) (Abrahams et al., 2009; Keele et al., 2008). This similar
frequency suggests that the subtype differences do not have a major
inﬂuence on the transmission bottleneck. The estimated frequency of
multi-variant transmission should be considered a minimum as we
only sampled 10 sequences and therefore had only 80% probability of
detecting sequences present at a frequency greater than 15% (Keele
et al., 2008).
Subtyping analysis using SGA sequences showed a similar dis-
tribution of subtypes and recombinants to that seen in an earlier study
done on this cohort where the multi-probe hybridization assay
(MHA), together with sequencing, was used to deﬁne subtype
distribution (Herbinger et al., 2006). We found a relative dominance
of subtype C with 45% of individuals infected with pure subtype C
variants, and of the recombinants, 86% had sequences originating of
subtype C. All the recombinant strains in this cohort were found to be
unique and these variants do not appear to be widespread in the
region (Hoelscher et al., 2001). Subtypes have been co-circulating in
this region for many years and the lack of evidence of spread of these
recombinant forms could indicate that none of the newly formed
recombinants have a major selective advantage in the population at
the level of transmission, or it is possible that they are not being
introduced into high transmission networks. However, a larger
sampling over many years would be needed to assess the ﬁtness of
these recombinants at a population level.
While we detected 1 of 18 individuals with acute infection as
having dual infection with two subtypes (4%), HMA did not detect
dual infections in any of the same 18 participants at this time point
(M. Hoelscher, unpublished data). Although the MHA is more
sensitive that the SGA approach, it may miss dual infections due to
recombination. However, the 4% dual infections detected in our study
are markedly lower than 19% reported for individuals with chronic
infections from the same cohort (Herbinger et al., 2006). This high
percentage of dual infections detected during chronic infection
suggests that superinfection, rather than co-infection, is the primary
mechanism whereby dual infections are established.
Conclusion
In conclusion, using similar approaches to other studies we ﬁnd
that the transmission bottleneck is relatively constant in heterosexual
transmissions irrespective of geographical location or complexity of
the circulating viruses.
Materials and methods
Cohort description
Plasma was obtained from 22 participants from a high-risk
population of female bar workers in Mbeya, Tanzania. Recently
infected individuals were identiﬁed from an HIV-1 uninfected cohort
whowere screened every 3months for the presence of HIV antibodies
and/or RNA as part of a prospective HIV superinfection study (HISIS)
(Geldmacher et al., 2007; Herbinger et al., 2006; Hoelscher et al.,2001; Riedner et al., 2006) using the Enzygnost AntiHIV ½ Plus (Dade
Behring, Liedrebach, Germany) and Determine HIV ½ (Abbott,
Wiesbaden, Germany). Plasma RNA levels were measured using the
Amplicor HIV Monitor Assay (Roche Diagnostics, Indianapolis, IN).
The duration of HIV-1 infection was categorized into ﬁve stages based
on evolving HIV-1 RNA or antibody proﬁles (Fiebig et al., 2003).
Individuals classiﬁed as being in stage I/II were viral RNA positive, EIA
antibody negative; those in stage III were EIA antibody positive but
negative by Western blot; those in stage IV had an indeterminate
Western blot; those in stage VwereWestern blot positive but without
reactivity to the p31 integrase band; and those in stage VI were
Western blot positive with a p31 band present. Western blots were
performed using the GS HIV-1 Western Blot kit (Biorad, WA, USA).Ampliﬁcation and sequencing
RNA was extracted from the plasma samples using the MagNA
Pure Compact RNA isolation kit (Roche, Germany). Complementary
DNA was synthesized using the Superscript III™ RT-PCR System Kit
(Invitrogen, GmbH, Karlsruhe, Germany) using the OFM19 primer (5′
GCA CTC AAGGCA AGC TTT ATT GAGGCT TA 3′) as described (Salazar-
Gonzalez et al., 2008). The resulting cDNA was ampliﬁed using Single
Genome Ampliﬁcation (SGA) approach as described (Abrahams et al.,
2009; Keele et al., 2008).Intra-patient quasispecies diversity
Generation of phylogenetic trees and computation of pairwise
DNA distances were done using MEGA version 4 (Tamura et al., 2007)
and difference was visualized using transition and transversion plots
(www.hiv.lanl.gov). Sequences were analyzed for evidence of
APOBEC3G-induced hypermutation using Hypermut 2.0 tool (www.
hiv.lanl.gov).Sequence analysis
Sequences of the full-length envelope gene were assembled and
edited using the Sequence Assembly Pipeline (http://tools.caprisa.
org). The sequences were aligned by the ClustalW application in the
BioEdit Sequence Alignment Editor. Twenty-eight reference
sequences representing all major subtypes and recombinants
(www.hiv.lanl.gov) were included in the phylogenetic trees. Phylo-
genetic trees constructed using the neighbor-joining method using
MEGA 4 (Tamura et al., 2007). The tree was constructed with 500
bootstrap replicates, with 1st, 2nd, 3rd codon positions as well as non-
coding sites included, and the maximum composite likelihood
nucleotide model was used. The REGA HIV Subtyping Tool Version
2.0 (http://www.bioafrica.net) was used for subtyping. Maxchi,
Chimaera, and Bootscan analysis using RDP v3.34 (http://darwin.
uvigo.es/rdp/rdp.html) (Martin et al., 2005) was used to detect inter-
and intrasubtype recombination events, and a bootstrap value equal
to or greater than 70% was considered as signiﬁcant. Recombination
analysis was performed with a window size of 400 and step size 20.Estimation of time to most recent common ancestor (tMRCA)
We used a Bayesian Markov Chain Monte Carlo method imple-
mented in Bayesian Evolutionary Analysis Sampling Trees (BEAST)
v1.4.7 (A. J. Drummond and Rambaut, 2007) to estimate the time to
most recent common ancestor (tMRCA) for the viral sequences of
each participant as described previously (Drummond et al., 2003;
Drummond et al., 2006).
113A. Nofemela et al. / Virology 415 (2011) 107–113Immune escape analysis
The identiﬁcation of potential epitopes for analysis of cytotoxic T-
lymphocyte (CTL) escape was done using Net MHCpan 2.0 server
(www.cbs.dtu.dk) and Epitope Location Finder (www.hiv.lanl.gov).
Genbank accession numbers
The Genbank accession number for the 210 env sequences are
HQ659584 -HQ659642,HQ688994 -HQ689024,HQ697934 -HQ697993,
and HQ697994 - HQ698053.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
doi:10.1016/j.virol.2010.12.027.
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